Introduction
The mathematical model of the lithium-ion-insertion cell of Doyle et aZ.1.2 can be used to study the effects of relaxation times on the performance of these systems. Both in laboratory work and in practical usage, it is expected that there will be significant times during which cells are allowed to stand without passing current through an external circuit.
The cell is not inactive during these periods; rather, concentration gradients in the cell set up local concentration cells, driving material redistribution. Because high utilization of active material is important for maximizing the specific energy, understanding the redistribution of material is a necessary step in the optimization of lithium-ion cells. Also, because of the changes that take place during relaxation, the number of completed cycles, i.e., the history of the cell, can affect its performance (irreversible degradation processes are not / considered). A detailed mathematical model can predict aspects of cell performance, such as material utilization, that are difficult to assess by experimental means. Modeling is also important in the design and scale-up of practical systems.
Because of the high theoretical specific energy, lithium rechargeable cells are being targeted for electric-vehicle applications as well as portable appliances. Interest in lithiumion cells has surged since Sony3 commercialized a duallithium-ion-insertion battery with a specific energy of about 80 Whlkg. We will consider two different systems in our study of relaxation processes; both types are receiving much attention in the literature. The first cell consists of a lithium-foil negative electrode coupled with a manganese dioxide (spinel) positive electrode. The second cell is the Sony ,phone cell, which uses two different insertion electrodes with differing open-circuit potentials (a "rocking-chair" cell).
We will not repeat the details of the model of Doyle et al. The electrode. The lower cell ("rocking-chair" type) has a carbon negative electrode. duallithium-ion-insertion system. For the foil cell, the positive electrode is manganese dioxide, the negative electrode is lithium, and the electrolyte is a solid polymer electrolyte (polyethylene oxide with lithium trifluormethane sulfonate. For the dual insertion system, the positive electrode is cobalt dioxide), the negative electrode is carbon, and the electrolyte is a nonaqueous liquid (propylene carbonate/diethyl carbonate with lithium hexafluorophosphate). Each insertion electrode is a porous composite structure containing the active insertion material, filler of inert conducting material and/or binder, and electrolyte. We have assumed that the electrical conductivity of the solid phase is moderately large and that the kinetic resistances to the insertion process are small. 
Ss is the ratio of diffusion time to discharge time. This dimensionless ratio allows one to assess the importance of diffusion in the solid matrix relative to the time for discharge. For
Ss «1, diffusion limitations in the particle can be neglected.
We can also develop a ratio of the time constant for diffusion in the electrolyte and the time of discharge,
This ratio indicates whether sufficient time is available for a quasi-steady-state concentration gradient to be established over the course of the discharge or charge.
Lithium-foil cell.- Figure 2 shows the cell potential over one discharge/charge cycle. Manganese dioxide has been demonstrated to insert lithium over a wide range of compositions, corresponding to O.2<y<2.4 in LiyMn204. 5,1l We have chosen to use only 
, , , , , , , , , , , , The cell is discharged galvanostatically at the three-hour rate (7.0 Nm 2 ). The discharge is labeled section A in figure 2. When y "" 1. 76, the external current is interrupted, and the cell is allowed to relax for one hour; this is labeled section B. The behavior of the system during discharge, section A of figure 2, has been the object of previous study and thus will not be given a detailed examination here. 1 We will merely summarize some general aspects of the behavior of these systems on discharge that are important for the present purposes. First, large concentration gradients in the electrolyte develop because of the small transference number for the lithium ion. A calculation of the dimensionless ratio for transport in solution discussed above gives
Se "" 0.2, suggesting that the concentration profile is established relatively quickly in comparison to the time for discharge. Toward the end of discharge at 1= 7.0 A/m2, the concentration is nearly zero in the back of the porous electrode, making the active material in the back of the electrode increasingly difficult to access. The reaction rate distribution during-discharge is nonuniform. The nonuniformity is caused by the large exchangecurrent density for the insertion process, low solution conductivity, and the flat U(c s ) curve in this region. The insertion reaction moves through the electrode like a spike, consuming most of the available active material before proceeding further. The solid phase is assumed to be composed of spherical particles with an average radius of two microns. For this system, transport in the solid phase is facile. Even with the relatively small diffusion coefficient of lithium in the solid phase, the particles are small enough and the discharge rate low enough that the concentration inside the particles is nearly uniform. During relaxation of the cell, the amount of lithium inserted and deinserted must be equal. In figure 4 , we show the pore-wall flux, directly related to the transfer-current density, in the back half of the positive electrode. This back region of the electrode, where active material was not utilized during discharge, is quickly filled during relaxation. The 
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-20 Next, the cell is chargedgalvanostatically at -3.50 Nm 2 to the initial state of charge, labeled as section C on figure 2. The six-hour rate chosen here is half that used for the discharge. Figure 6 depicts the concentration profiles in the electrolyte during the charging process, for specified times since the beginning of charge. As before, the concentration gradients are established fairly quickly in comparison to the charging time, and a quasisteady-state profile exists. This profile is slowly modified by the deinsertion process, which again continues as a reaction spike traveling from the front to the back of the positive electrode. At the end of charge, the maximum concentration attained in the cell is about 2480 moVm 3 . Since the solubility limit for this system is assumed to be 3920 moVm 3 ,12 precipitation of salt does not occur at this charging rate. This suggests that a higher initial concentration might have been better for this cell, as this would eliminate the electrolyte depletion problems on discharge. 1 The initial concentration used here
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corresponds to a conductivity maximum for this temperature,12 roughly equating to
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The local state of charge across the positive electrode during the charging process is shown in figure 7 . Just as in figure 5 , this graph provides the concentration of lithium at the surface of the solid particles. The initially uniform distribution across the electrode (due to the relaxation time prior to charge) is perturbed greatly as the reaction zone moves through the electrode. At the end of the charge, we find a region in the back of the electrode where the active material is still utilized, similar to the unutilized region left in the back of the electrode after discharge.
When the cell is allowed to relax for another one-hour period (section D on figure   2 ), we find a different result from that of figure 5 . Figure 8 gives the state of charge across the back half of the positive electrode during this relaxation period. Some lithium deinserts from the back face and inserts into the front region, but in contrast to the relaxation period following discharge, the local state of charge does not fully equalize. We can explain this on the basis of the driving forces for redistribution that were discussed earlier. Distance is measured from the negative electrode/separator interface.
..r:: The distributions of active material at the end of both a charge and a discharge are similar, in that the least accessible region, the back face of the electrode, is left either utilized or unutilized depending on the direction of current flow (compare short times on figures 5 and 8). This nonuniform utilization is desirable compared to an initially uniform distribution of active material on the subsequent cycle. This situation is depicted in figure   9 , where the cell potential is simulated over three full cycles with one-hour relaxation periods between each half-cycle. On discharge from an initially uniform distribution of active material, the first cycle exhibits the largest overpotential at the cutoff point. The second and third cycles are "easier," i.e., the overpotential is smaller, because the charging periods leave the active material more charged at the front where it is more accessible on discharge. Notice that all three charging profiles are identical; this is because they all start - from the same point, a uniform distribution of material. Although not shown here, a cell that is discharged immediately following the charging process will have a slightly lower overpotential than a cell that is allowed to relax before discharging.
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Peak power.-Here we consider the effect of a period of relaxation on the peak power attainable from the cell. As we have shown in earlier work, the peak power is greatly reduced at large depths of discharge13 because the remaining active material becomes increasingly difficult to access. It is expected that a short period of cell relaxation would allow much of the performance to be recovered. The cell was discharged galvanostatically at the three-hour rate to 80% depth of discharge, and then the current was pulsed for 30 seconds. The value of the current was increased until the power went through a maximum. The mass of the cell includes active material, electrolyte, separator, and inert filler only. The power vs. current density, with the time of relaxation preceding the current pulse as a parameter, is shown in figure 10 . Here we see that a relaxation period before pulsing the current greatly increases the available power. For this system, .w
Capacity,A-h Figure 11 . Simulation of a high-rate discharge of the Sony phone cell.
The cell is discharged galvanostatically (A), followed by a relaxation period (B) . The open-circuit potential is depicted by the dashed line .
1.0 maximum capacity is not attained before the potential drops below a prescribed cutoff value of 2.75 V (see figure 15 ). Our objective in choosing a high-rate discharge is to magnify the effects of gradients in concentration and nonuniform current distribution. The high current density also proved valuable in verifying the model with experimental data.
The cell is then allowed to relax for a one-hour period (labeled as B). Figure 12 plots the cell potential vs. We simulated three galvanostatic discharges to a cut-off potential of 2.75 V. The cell is then charged galvanostatically to 4.1 V. Then, the potential is held constant until the number of coulombs passed brings the electrodes to the original states of charge. The potential of the cell predicted from the simulations is plotted in figure 15 for three charge/discharge cycles. The solid line is the open-circuit potential, the dashed lines are the simulations, and the markers correspond to experimental data. These data represent the fourth through the sixth cycles, where it is hoped that irreversible phenomena associated with the first few cycles will have abated. The agreement with the experimental data is good. As discussed in appendix B, the only truly adjustable parameter here is the electrolyte conductivity, and even this is fixed in fonn but not in magnitude. The comparison seems to be worst at the highest discharge rate, especially near the beginning of discharge. An initial sharp drop in the cell potential at high rates of discharge is a characteristic of the Sony cell. Our model does not accurately simulate this behavior.
During a potentiostatic charge, the current density decreases over time. This is shown in figure 16 for the second cycle of figure 15. The solid line is the simulation result, and the crosses are the experimental data. It is evident that the current density vs. The electrolyte for this system is a combination of propylene carbonate and diethyl carbonate with a salt of lithium hexafluorophosphate (unknown concentration) and some lithium carbonate. We did not have physical properties for this system, and so the following assumptions were made. First, we assumed that the dependence of conductivity is that given by Barthel et aZ.1 8 
